1. Introduction {#sec1-nutrients-10-01604}
===============

Non-alcoholic fatty liver disease (NAFLD) is the most common liver disorder in Western countries, caused by fat and sugar-rich diet, sedentary life style and genetic predisposition \[[@B1-nutrients-10-01604],[@B2-nutrients-10-01604],[@B3-nutrients-10-01604]\]. The hallmark of NAFLD is excessive triglyceride (TGL) accumulation in the form of lipid droplets (LDs) in the cytoplasm of hepatocytes, which may be an isolated event (non-alcoholic fatty liver) or accompanied by evidence of inflammation and cell injury with or without fibrosis (non-alcoholic steatohepatitis, NASH). If untreated, NASH, the more aggressive form of NAFLD, may progress to cirrhosis and hepatocellular carcinoma \[[@B4-nutrients-10-01604]\].

NAFLD has become the leading cause of chronic liver disease among all age groups. Particularly alarming is the fast increase of adolescents and children diagnosed with NAFLD, reaching 10--20% in some studies \[[@B5-nutrients-10-01604],[@B6-nutrients-10-01604],[@B7-nutrients-10-01604]\]. Within the next 10 years, juvenile NAFLD is expected to become the most prevalent cause of liver pathology, liver failure and indication for liver transplantation in childhood and adolescence in the Western world \[[@B5-nutrients-10-01604],[@B6-nutrients-10-01604],[@B7-nutrients-10-01604]\].

The cause of rising incidence of NAFLD in children and adolescents is unclear, but it is believed that wrong alimentary behaviors, such as regular consumption of energy dense, highly refined and processed foods is a driving force for metabolic co-morbidities in young patients \[[@B8-nutrients-10-01604]\]. Such foods, rich in simple sugars, saturated and trans fats, and preservatives and poor in nutrients, prevalent in the Western diets, are commonly defined as junk food \[[@B8-nutrients-10-01604],[@B9-nutrients-10-01604]\].

The effect of junk food can be modeled in experimental conditions by so-called cafeteria (CAF) diet, consisting of several favorite supermarket snacks of children such as sweet or briny cookies, milk chocolate, potato chips, processed meats, condensed milk, etc. \[[@B10-nutrients-10-01604],[@B11-nutrients-10-01604]\]. Young laboratory animals exposed to CAF diet develop NAFLD as early as in two months which later degenerates into NASH \[[@B10-nutrients-10-01604],[@B11-nutrients-10-01604],[@B12-nutrients-10-01604]\]. This is associated with hyperglycemia and hypertriglyceridemia in rats.

Insulin-resistance (IR) is the central event in the pathogenesis of this disease, causing lipid overload in hepatocytes and lipid peroxidation. Since type 2 diabetes, obesity and dyslipidemia are the most prevalent associated co-morbidities, it has been proposed that NAFLD is the liver involvement of metabolic syndrome. The current FDA-approved medical recommendation for patients diagnosed with NAFLD is low-fat, fruit and vegetables-based diet and regular physical activity \[[@B4-nutrients-10-01604],[@B13-nutrients-10-01604],[@B14-nutrients-10-01604],[@B15-nutrients-10-01604]\]. Indeed, dietary polyphenols, a large and heterogeneous group of phytochemicals in herbs and plant-based foods, have been associated with lower risk of NAFLD \[[@B16-nutrients-10-01604],[@B17-nutrients-10-01604]\]. In particular, *Citrus* flavonoids have been shown to exert several positive health effects on glucose and lipid metabolism in experimental models \[[@B12-nutrients-10-01604],[@B16-nutrients-10-01604],[@B18-nutrients-10-01604],[@B19-nutrients-10-01604],[@B20-nutrients-10-01604],[@B21-nutrients-10-01604],[@B22-nutrients-10-01604]\] and humans \[[@B23-nutrients-10-01604],[@B24-nutrients-10-01604],[@B25-nutrients-10-01604]\].

In particular, bergamot is an endemic plant of Calabria region (Italy) belonging to the Rutaceae family \[[@B26-nutrients-10-01604]\]. Bergamot has attracted considerable attention due to its peculiar composition and high content of flavonoids, some of which are also found in other *Citrus* species \[[@B18-nutrients-10-01604],[@B27-nutrients-10-01604]\]. BPF is a highly concentrated extract of glycosylated flavanones (naringin, neoeriocitrin and hesperidin) and flavones (diosmetin, apigenin and luteolin glycosides) from bergamot fruit juice \[[@B19-nutrients-10-01604],[@B20-nutrients-10-01604],[@B28-nutrients-10-01604]\]. BPF phyto-complex contains around 40% of flavonoids, but also sugars, salts and other natural compounds with a possible detoxifying activity \[[@B19-nutrients-10-01604],[@B20-nutrients-10-01604]\]. A particular feature of certain flavonoid glycosides, abundant in bergamot juice and in BPF, such as bruteridin and melitidin, is the presence of covalently linked 3-hydroxy-3-methylglutaryl (HMG) moiety \[[@B28-nutrients-10-01604],[@B29-nutrients-10-01604]\]. Computational studies have suggested that both molecules may bind to the catalytic site of HMG-CoA reductase and inhibit cholesterol synthesis by replacing the endogenous substrate HMG-CoA \[[@B29-nutrients-10-01604]\]. Such a theoretical mechanism has been proposed to explain BPF efficacy as a cholesterol-lowering food supplement in clinical trials performed on metabolic syndrome patients. These studies also demonstrated strong reduction of blood TGL levels and mild effects on glucose levels in individuals taking BPF \[[@B23-nutrients-10-01604],[@B24-nutrients-10-01604],[@B30-nutrients-10-01604]\]. These effects might depend on the ability of BPF flavonoids to stimulate AMPK, which should also explain proautophagic proprieties of these compounds in models of hepatic steatosis in vitro and in vivo \[[@B12-nutrients-10-01604],[@B19-nutrients-10-01604],[@B20-nutrients-10-01604]\]. Finally, BPF may also have anti-inflammatory activity, since bergamot juice extract have been shown to reduce inflammation in animal models of ischemia/reperfusion and inflammatory bowel disease \[[@B31-nutrients-10-01604],[@B32-nutrients-10-01604]\].

In our previous work, we have validated an animal model of NAFLD, which displayed some characteristics of human NASH and have shown that the supplementation of BPF is an effective strategy to prevent NAFLD in CAF-fed rats \[[@B12-nutrients-10-01604]\]. Although prevention studies in animal models of NAFLD/NASH have significantly contributed to the understanding of this pathology, they have been less accurate in translating aspects of clinical trials. In fact, human trials address the efficacy of therapeutic interventions, in association with diet and life style modifications, which are the most effective ways to promote liver fat removal and amelioration of histological severity \[[@B1-nutrients-10-01604],[@B14-nutrients-10-01604],[@B33-nutrients-10-01604]\]. For this reason, the main goal of this this work was to analyze the effects of BPF supplemented to SC diet as the primary treatment on rats with advanced NAFLD/NASH. The second goal was to provide further characterization of pathological changes in livers from rats exposed to CAF diet for much longer times (26 weeks) than previously investigated (14 weeks) \[[@B12-nutrients-10-01604]\]. Although a normocaloric diet alone was sufficient to cause regression of steatosis, BPF improved its therapeutic effects, proving to be a potent anti-inflammatory and lipid-lowering food-supplement for the treatment of NAFLD/NASH, but not obesity.

2. Materials and Methods {#sec2-nutrients-10-01604}
========================

2.1. Animal Procedures {#sec2dot1-nutrients-10-01604}
----------------------

Thirty-two male 5-week-old Rcc:Han WISTAR rats (Harlan Laboratories, Indianapolis, IN, USA) were housed individually in steel cages under controlled conditions (temperature 20 ± 2 °C, light 07:00--19:00). The animals had access to water and were fed ad libitum with standard chow (SC) diet 2016 ("SC", energy value of 3.0 kcal/g, calories from protein 24%, calories from fat 18%, calories from carbohydrates 58%, Harlan Teklad) for 3 weeks before and during the experiment. This animal study was approved by a local animal welfare committee and by the Italian Ministry of Health, according to Legislative Decree 116/1992, which was in force when the study was proposed (before 4 March 2014).

2.2. Experimental Design {#sec2dot2-nutrients-10-01604}
------------------------

Starting from Week 8 of age, 24 rats were fed with CAF diet (see below) and 8 rats with SC diet for 15 weeks. After this period, 3 representative CAF and 3 SC rats were sacrificed for RNA isolation and NASH evaluation. At Week 16 of induction phase, 21 obese rats were evenly assigned to 3 experimental groups: CAF/CAF (7 rats), CAF/SC (7 rats) and CAF/SC+BPF (7 rats). CAF/CAF group continued to be fed with CAF diet, while CAF/SC and CAF/SC+BPF groups were switched to SC diet with and without BPF, respectively, for the subsequent 10 weeks. The remaining 5 lean rats continued to be fed with SC diet (SC/SC) for additional 11 weeks. During the intervention phase, CAF/SC+BPF rats were subjected to BPF treatment, which was supplemented to drinking water at suitable concentration to ensure an average 50 mg/kg/rat daily dosage. This dose was calculated as follows: the previously tested dose in humans, 1000 mg/100 kg = 10 mg/kg, was multiplied by 5 to account for higher metabolic rate in rodents, as previously described \[[@B12-nutrients-10-01604],[@B34-nutrients-10-01604]\]. After 16 + 10 weeks of treatment, all animals were sacrificed for blood and tissue collection.

2.3. Diet and Supplementation {#sec2dot3-nutrients-10-01604}
-----------------------------

The CAF feeding regimen contained 15% protein, 70% carbohydrates and 15% fat, in the form of cookies, milk chocolate snacks, crackers, cheese, processed meats, condensed milk, etc. \[[@B11-nutrients-10-01604],[@B12-nutrients-10-01604]\]. It was provided in excess, together with normal SC diet. Caloric intake in CAF-fed rats was typically 110 kcal/day/rat, while SC diet provided 60 kcal/day/rat \[[@B12-nutrients-10-01604]\]. Nutritional composition of CAF diet components is provided in [Table S1 in the Supplementary Materials](#app1-nutrients-10-01604){ref-type="app"}.

BPF was prepared by the absorption on polystyrene resin columns and alkaline elution as described in detail in the European patent (No. EP 2 364 158 B1) and characterized for polyphenol content by high-pressure liquid chromatography \[[@B12-nutrients-10-01604],[@B18-nutrients-10-01604],[@B20-nutrients-10-01604]\]. It was kindly provided by Herbal and Antioxidant Derivatives S.r.l. (Bianco, RC, Italy). BPF diluted in drinking water was provided daily or every 2 days and during this time it remained stable, as it did not change color and taste. The amount of water and BPF was monitored to calculate the daily intake of BPF. The concentration of BPF added to drinking water varied from 1 to 2 mg/mL and was adjusted to rat body mass and daily water consumption to ensure a mean 50 mg/kg/rat/day dose over a 10-week period.

2.4. Blood and Tissue Collection {#sec2dot4-nutrients-10-01604}
--------------------------------

After the intervention phase, food was removed for 4 h before sacrifice under Zoletil 80 mg/kg and Dormitor anesthesia for blood and tissue collection. The blood was collected by cardiac puncture with heparinized 21G needle and divided for plasma (2 mL) and serum preparations (3--4 mL) in appropriate blood collection tubes. For blood tests on Week 4 of experiment, orbital sinus blood sampling was performed by an experienced veterinarian after 5% isoflurane anesthesia (Merial, Toluse, France), as described previously \[[@B12-nutrients-10-01604]\]. Before tissue collection, animals were perfused with 150 mM NaCl solution to remove blood and then collected. All the organs were weighed and divided for histological processing and shock frozen in liquid nitrogen for biochemical analysis.

2.5. Blood Analysis {#sec2dot5-nutrients-10-01604}
-------------------

Hematochemical parameters, such as TGL and glucose, were determined in the serum. The analyses were performed using commercial reagents on a Dimension EXL analyzer (Siemens Healthcare Diagnostics s.r.l., Milan, Italy). Routine blood counts were performed on EDTA-treated samples on Advia 2120 blood cell counter (Siemens).

The concentrations of insulin and leptin were measured using ELISA kits (Rat/Mouse Insulin ELISA Kit; Mouse Leptin ELISA Kit, EMD Millipore Corporation, Darmstadt, Germany) according to the manufacturers' instructions. Approximate insulin resistance (IR) was calculated using the homeostasis model assessment (HOMA)-IR using the following formula: (glucose (mmol/L) × insulin (μU/mL))/22.5 \[[@B35-nutrients-10-01604]\].

The levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST) and lactate dehydrogenase (LDH) were determined using commercial kits (Siemens Healthcare Diagnostics s.r.l., Milan, Italy) and automated biochemistry analyzer (Dimension EXL, Siemens Healthcare Diagnostics s.r.l.).

2.6. Histochemistry and Digital Image Analysis of LDs in Rat Liver Sections {#sec2dot6-nutrients-10-01604}
---------------------------------------------------------------------------

The procedure for preparing liver tissue for cryosectioning and analysis of LDs was described previously \[[@B12-nutrients-10-01604]\]. Briefly, 10-µm liver sections were obtained by sectioning, using a cryostat at −20 °C (Leica Biosystems Inc., Buffalo Grove, IL, USA), and then histochemistry of LDs in perfused rat liver sections was performed by Oil Red O (ORO, Sigma-Aldrich, St. Louis, MO, USA) staining according to the previously described procedure \[[@B12-nutrients-10-01604]\].

Equivalent ORO plus hematoxylin-stained liver sections of each experimental group were first examined in bright-field with Leica Microscope DM4000B (Leica Microsystems GmbH, Wetzlar, Germany) equipped with 10×, 40× and 100× objective lenses. For each liver section, at least three independent images, from equivalent central lobe areas were captured at 10×, 40× and 100× magnification. For quantitative and qualitative LDs analysis, images of ORO-stained sections were processed and analyzed using a semi-automatic procedure implemented in Image J2x software package (National Institute of Health, Bethesda, MD, USA) and analyzed for percentage of total LDs area and the number of LDs.

2.7. Total Liver Lipid Assay {#sec2dot7-nutrients-10-01604}
----------------------------

Total liver lipids were extracted according to the modified procedure of Folch et al. \[[@B12-nutrients-10-01604]\]. Briefly, frozen liver tissue (\~400 mg) was thoroughly homogenized with 800 µL of deionized water (15 strokes). Four milliliters of chloroform/methanol (2:1 vol/vol) mixture (Sigma-Aldrich) was then added to the mix to generate a distinct organic and aqueous phase and extract lipids according to the previously described procedure \[[@B12-nutrients-10-01604]\].

2.8. Histology and Histological Examination {#sec2dot8-nutrients-10-01604}
-------------------------------------------

### 2.8.1. Toluidine Blue Staining {#sec2dot8dot1-nutrients-10-01604}

Liver were quickly excised cut into small pieces, and fixed by direct immersion in 4% glutaraldehyde in phosphate-buffered saline (PBS 0.1 M, pH 7.2) for 48 h at 4 °C. After post-fixation for 2 h with osmium tetroxide (1% in the same buffer), samples were dehydration in an increasing series of ethanol and then embedded in epoxy resin (Araldite 502/Embed 812, Electron Microscopy Sciences, Hatfield, PA, USA). Semi-thin sections (1 µm) were stained with toluidine blue, observed and photographed by a LM LEITZ Dialux EB 20 (Leica Microsystems, Wetzlar, Germany) equipped with a digital camera.

### 2.8.2. Silver Impregnation (SI) {#sec2dot8dot2-nutrients-10-01604}

Silver staining (SI) detects collagen III and B (argyrophilic reticulin) fibers, which are highly increased in liver fibrotic tissue \[[@B36-nutrients-10-01604]\]. A standard histochemical protocol of silver impregnation (SI) kit (Bio-Optica s.r.l., Milan, Italy) was applied, according to manufacturer guidelines. In brief, 4 µm-thick serial sections were obtained from a representative block of formalin-fixed, paraffin-embedded tissue, mounted on coated glass slides, and heated at 60 °C for 60 min. Hematoxylin/eosin (HE) staining was performed on the first section to observe the tissue morphology. The second serial section was used for the SI staining.

### 2.8.3. Morphological Evaluation {#sec2dot8dot3-nutrients-10-01604}

Double-blind evaluation of all sections stained with TB, SI and HE as well as NAFLD activity scoring (NAS) were performed by two expert pathologists independently. NAS was performed on HE and TB stained sections for steatosis (score 0--3), lobular inflammation (score 0--3) and hepatocellular ballooning (score 0--2), using the NASH Clinical Research Network (CRN) scoring system as described previously \[[@B37-nutrients-10-01604]\]. Five animals (n = 3 sections for each animal) were scored for every experimental group.

2.9. Analysis of Cytokine Gene Expression {#sec2dot9-nutrients-10-01604}
-----------------------------------------

Small pieces (0.4--1 g) from the central part of the main lobe of rat livers were shock-frozen in liquid nitrogen and stored until needed at −80 °C. This choice of tissue portion was intended to minimize possible differences due to tissue heterogeneity within the lobe. Frozen tissue was fragmented and 50--100 mg samples were homogenized with glass douncer on ice with 1 mL of TRIzol Reagent (Life Sciences, Invitrogen, Carlsbad, CA, USA). Total RNA (totRNA) was extracted using the TRIzol reagent method followed by DNase treatment (Qiagen, Germantown, MD, USA). Total RNA was carefully quantified and its integrity was verified on 0.8% denaturing agarose gel. The expression of cytokines was analyzed by RT^2^ Profiler PCR array plates (Qiagen, SABiosciences, Frederick, MD, USA) for rats before the treatment (15 weeks) or by a standard reverse transcription followed by quantitative PCR (RT-qPCR) based on SYBR Green detection for rats after 10-week diet treatment.

For array analysis, total RNAs from three representative rats of the same experimental group were pooled (3 × 5 µg) and cDNA was synthesized from 500 ng of pooled RNA with Qiagen One Step RT-PCR kit according to the instructions (Qiagen). The relative gene expression was assayed by using PARN-157Z and PARN-084Z RT^2^ Profiler PCR arrays (SABiosciences) and, for the purpose of this article, only cytokine and housekeeping (HK) genes data were used. qPCR was performed on an iQ5 Real Time PCR (BioRad Lab., Hercules, CA, USA) using SYBR Green (cycling conditions: 95 °C, 10 min; 95 °C, 15 s; and 60 °C, 1 min; repeated for 40 cycles) and subsequent analyses were carried out according to the manufacturer's recommended protocol. Each pooled cDNA was analyzed on four independent plates. The data from each CAF plate were compared to four SC plates. The data analysis was performed with dedicated software available at the GeneGlobe Data Analysis Center (<http://www.qiagen.com/it/shop/genes-and-pathways/data-analysis-center-overview-page/>). The same normalization method was used for all analyzed array plates i.e., manually selected HK genes. LDH was excluded from 6 standard HK genes.

For standard RT-qPCR analysis, totRNA was isolated as described above from 5--6 rats for each experimental group and RNA representing one rat was processed separately. cDNA was synthesized from 5 µg of totRNA with TransScript^®^ II First-Strand cDNA Synthesis SuperMix (Transbionovo, Carlo Erba Reagents, Cornareado (MI), Italy, cat. FC40AH30102) according to manufacturer instructions. RT-qPCR was performed on QuantStudio 3 Real Time PCR Detection System (Applied Biosystems Europe, Monza (MI), Italy), using TransStart Top Green qPCR SuperMix (Carlo Erba, cat. AQ131-01) with addition of a copy of rat cytokine-specific primers. These primers were previously tested for good performance in SYBR green-based detection of very low gene expression of liver cytokines \[[@B38-nutrients-10-01604]\] (see [Table 1](#nutrients-10-01604-t001){ref-type="table"}). The applied cycling conditions were: 95 °C, 10 min; 95 °C, 15 s; and 61 °C, 1 min; repeated for 40 cycles. Samples were analyzed in triplicate with hypoxanthine phosphoribosyl transferase 1 (Hrpt1) as a HK control. Only results with the amplification of a single product, as verified by melting curve analysis, were considered. Relative gene expression was calculated according to the 2^−ΔΔCT^ method using the SC liver tissue cDNA (15 weeks on SC diet) as a starting point control.

2.10. Data Analysis and Statistical Procedures {#sec2dot10-nutrients-10-01604}
----------------------------------------------

Animal experiment was performed one time and the final mean values were based on at least 5 animals for each experimental group, except for leptin Elisa assay and for mRNA profiling experiment, where RNA pools from 3 rats were assayed. The data for one animal were a mean of at least three triplicate measurements (except for blood test) with standard deviation (SD). For statistical analysis, Prism 7.0 GraphPad software (GraphPad Inc., San Diego, CA, USA) was used or Excel Office 365. Nonparametric Mann-Whitney U test (comparisons between groups with no assumption about the scatter of the data) was performed for majority of datasets. Otherwise, the statistical method is indicated in the figure legend.

3. Results {#sec3-nutrients-10-01604}
==========

3.1. Supplementation of SC Diet with BPF Has a Powerful Effect on Levels of Blood TGL {#sec3dot1-nutrients-10-01604}
-------------------------------------------------------------------------------------

To assess the effect of BPF supplementation to the low-sugar/fat diet regime as a therapeutic treatment for advanced NAFLD/NASH, we induced NAFLD with features of NASH in 21 Wistar male rats by feeding them with CAF diet for 16 weeks (induction phase), exactly as described previously \[[@B12-nutrients-10-01604]\]. These animals were then divided into three groups for the intervention phase of the experiment. 14 animals were subjected to SC diet with (CAF/SC+BPF) and without BPF (CAF/SC), while 7 rats continued with CAF diet (CAF/CAF) for further 10 weeks, according to the scheme in [Figure 1](#nutrients-10-01604-f001){ref-type="fig"}. A small group of 5 rats was maintained on normocaloric SC diet during induction and intervention phases of the experiment as a basic control group (SC/SC) ([Figure 1](#nutrients-10-01604-f001){ref-type="fig"}). After the induction phase, there was a statistical difference in the body weight between SC control and CAF animals ([Figure 2](#nutrients-10-01604-f002){ref-type="fig"}A). As expected, the diet change during the intervention phase led to a significant reduction of the mean body weight in CAF/SC rats as compared to CAF/CAF group ([Figure 2](#nutrients-10-01604-f002){ref-type="fig"}B). No significant effects of BPF on the body weight were observed in animals fed SC diet and consuming bergamot polyphenols with respect to CAF/SC rats.

Furthermore, CAF/CAF rats had developed severe NAFLD, characterized by a massive accumulation of LD lipid droplets and infiltration of Kupffer cells, according to previous observations in livers exposed to CAF diet for 14 weeks \[[@B12-nutrients-10-01604]\], indicating a histological severity compatible with NASH. To evaluate the presence of NASH, we performed gene expression profiling of pro- and anti-inflammatory cytokines, by RT-qPCR in 15-week CAF-fed rat livers. The results indicated a clear up-regulation of proinflammatory cytokines in CAF-fed livers when compared to control (SC) livers at Week 15. In particular, we observed a statistically significant increase of Interleukin 1β (*Il1b*), Interleukin 6 (*Il6*) and Tumor necrosis factor α (*Tnfa*) and no significant change in Interleukin 10 (*Il10*) gene expression ([Figure 2](#nutrients-10-01604-f002){ref-type="fig"}C). These experiments yielded further information on Interferon gamma (*Ifng*) and Transforming growth factor beta (*Tgfb*) expression in 15-week CAF livers, but it was below a detection limit in case of Ifnγ or unchanged with respect to 15-week control livers in case of *Tgfb* (data not shown). Taking together, these data indicate CAF diet in Wistar rats induces NASH.

We observed a significant decrease of final body weight in CAF/SC and CAF/SC+BPF groups compared to CAF/CAF group, but BPF treatment did not cause any further reduction of body weight compared to CAF/SC group ([Figure 3](#nutrients-10-01604-f003){ref-type="fig"}A). Among the CAF/CAF group rats, one died prematurely due to heart attack and another one could not feed due to a dentition defect, so it was excluded from statistical analysis.

Next, we tested whether the switch to SC diet and BPF treatment reduced blood parameters which are elevated in CAF/CAF diet-induced metabolic syndrome. We observed that triglyceridemia was reduced in CAF/SC rats after both 4 and 10 weeks of SC diet ([Figure 3](#nutrients-10-01604-f003){ref-type="fig"}A,B). However, the concomitant administration of BPF resulted in a further reduction of blood TGL with significant differences between CAF/SC and CAF/SC+BPF groups at Week 10. Importantly, no significant differences in body weight were observed between CAF/SC and CAF/SC+BPF and SC/SC groups at Week 10 ([Figure 3](#nutrients-10-01604-f003){ref-type="fig"}C). Similarly, no significant differences in blood glucose were found between the same experimental groups ([Figure 3](#nutrients-10-01604-f003){ref-type="fig"}D).

These data suggest that supplementation of CAF/SC diet with BPF has strong effects on blood TGL, but modest effects on obesity and diabetes.

3.2. BPF Augments LDs Loss and Reduces Hepatic Inflammation When Supplemented to SC Diet during Recovery from NASH {#sec3dot2-nutrients-10-01604}
------------------------------------------------------------------------------------------------------------------

To address the effect of SC diet and BPF treatment on CAF diet-induced fat accumulation, serial sections of livers from each diet group were evaluated using ORO histochemistry. Hematoxylin and ORO staining of liver sections showed accumulation of numerous, big and giant LDs in hepatocytes of CAF-fed rats ([Figure 4](#nutrients-10-01604-f004){ref-type="fig"}B,F,L). This phenotype was greatly attenuated in CAF/SC ([Figure 4](#nutrients-10-01604-f004){ref-type="fig"}C,G,M) and CAF/SC+BPF ([Figure 4](#nutrients-10-01604-f004){ref-type="fig"}D,H,N) groups.

The above findings were confirmed by total lipid content analysis ([Figure 5](#nutrients-10-01604-f005){ref-type="fig"}A). A significant reduction in total lipids was observed in CAF/SC livers compared to CAF/CAF livers. Furthermore, the supplementation of SC diet with BPF resulted in a substantial reduction in total lipids content in CAF/SC+BPF group compared to CAF/SC group.

Next, we evaluated morphometric parameters of ORO-stained LDs in liver sections from the four experimental groups ([Figure 5](#nutrients-10-01604-f005){ref-type="fig"}B,C). In livers from CAF/CAF rats, LDs covered a big area of the digitalized image, whereas a relatively small area was occupied by LDs in livers from SC/SC, CAF/SC and CAF/SC+BPF rats, respectively ([Figure 5](#nutrients-10-01604-f005){ref-type="fig"}B,C). Moreover, the total number of LDs was reduced by six-fold in CAF/SC livers compared with CAF/CAF livers. A significant difference in LDs numbers between the BPF-treated CAF/SC and CAF/SC groups was also reported ([Figure 5](#nutrients-10-01604-f005){ref-type="fig"}B).

Moreover, different sections of livers from each diet group were also evaluated using toluidine-blue staining. Microscopic examination of toluidine-stained semi-thin sections of resin-embedded livers from CAF/CAF, CAF/SC and CAF/SC+BPF rats revealed important changes in CAF/SC and CAF/SC+BPF liver histology with respect to CAF/CAF group ([Figure 6](#nutrients-10-01604-f006){ref-type="fig"} and [Figure S1](#app1-nutrients-10-01604){ref-type="app"}). CAF/SC and CAF/SC+BPF liver parenchyma appeared homogeneous with a regular distribution of hepatocytes. The hepatocytes showed uniform size with large rounded nuclei usually located in the center of the cells and cytoplasmic glycogen granules, but no LDs. In contrast, CAF/CAF livers presented large areas of steatotic tissue with a completely disorganized parenchyma lacking the natural arrangement of hepatocytes. The cytoplasm of hepatocytes appeared highly vacuolated and with a large amount of glycogen granules and LDs. Ballooning hepatocytes, considered a histological hallmark of NASH \[[@B39-nutrients-10-01604]\], were also found, more frequently at the portal region ([Figure 6](#nutrients-10-01604-f006){ref-type="fig"}A and [Figure S1](#app1-nutrients-10-01604){ref-type="app"}).

Moreover, the sinusoid organization was irregular in CAF/CAF livers compared to CAF/SC and CAF/SC+BPF livers. Within the lumen of sinusoids, large populations of Kupffer cells were observed and some more rounded lymphocytes. Importantly, Kupffer cells and lymphocytes were also present in livers recovering from NASH, but fewer inflammatory cells were observed in CAF/SC+BPF group when compared to SC group ([Figure 6](#nutrients-10-01604-f006){ref-type="fig"}B and [Figure S1](#app1-nutrients-10-01604){ref-type="app"}). Quantification of lobular inflammatory foci, by NAS scoring ([Figure 6](#nutrients-10-01604-f006){ref-type="fig"}A,B), further confirmed that BPF supplementation has important anti-inflammatory effects. To detect fibrosis, we evaluated reticular fibers, which are thick and form bundles in connective tissue. Reticular fibers in normal liver tissue are thin and less abundant. They are usually not visible in histological sections stained with hematoxylin/eosin or toluidine blue, but can be demonstrated by using silver impregnation (SI). SI staining revealed many regions of thick fibers networks, mainly in the proximity of blood vessels in CAF/CAF liver samples. On the contrary, fewer and only thin reticular fibers were present in CAF/SC and CAF/SC BPF livers.

3.3. Analysis of Plasmatic Levels of Insulin and Leptin in SC/SC, CAF/CAF, CAF/SC and CAF/SC+BPF Diet Fed Rats {#sec3dot3-nutrients-10-01604}
--------------------------------------------------------------------------------------------------------------

The dysregulation of lipid metabolism in NAFLD can have devastating consequences on glucose homeostasis and lead to insulin resistance (IR) and type 2 diabetes. On the other hand, IR plays a primary role in triggering a series of reactions that lead to hepatic steatosis \[[@B40-nutrients-10-01604]\].

To test whether BPF supplementation in association with healthy diet could improve insulin sensitivity, we analyzed plasma levels of insulin in the four experimental groups. As expected, CAF/CAF rats showed much higher insulin levels than SC/SC rats ([Figure 7](#nutrients-10-01604-f007){ref-type="fig"}A), suggesting IR.

Importantly, the fasting plasma insulin concentrations of the rats fed with CAF/SC diet supplemented with BPF were significantly lower than those of the rats fed with CAF/SC diet ([Figure 7](#nutrients-10-01604-f007){ref-type="fig"}A). In addition, the HOMA-IR index was also significantly lower in CAF/SC+BPF group when compared with CAF/SC group ([Figure 7](#nutrients-10-01604-f007){ref-type="fig"}B). HOMA-IR index has been shown to have a strong and direct correlation with the insulin tolerance tests in Wistar rats, and can be used as a surrogate marker of IR in rats \[[@B35-nutrients-10-01604],[@B41-nutrients-10-01604],[@B42-nutrients-10-01604]\]. Thus, BPF supplementation significantly improved the effect of the diet on HOMA-IR values.

The IR is often strongly associated with leptin-resistance in obese subjects \[[@B26-nutrients-10-01604]\]. Leptin is a protein hormone secreted by adipose cells that plays a role in helping the body to balance food intake with energy expenditure. The serum leptin levels were significantly elevated in rats fed with CAF/CAF diet compared with those fed with the SC/SC diet; however, CAF/SC diet, along BPF supplementation, did not cause any further significant decrease in serum leptin levels ([Figure 7](#nutrients-10-01604-f007){ref-type="fig"}C).

3.4. Anti-Inflammatory Effect of BPF in CAF/SC Diet Treated Livers {#sec3dot4-nutrients-10-01604}
------------------------------------------------------------------

Following histological analysis, we evaluated liver injury parameters such as ALT, AST and LDH. However, ALT and AST values were not significantly altered in CAF/CAF group with respect to SC/SC group ([Supplementary Materials, Figure S2A,B](#app1-nutrients-10-01604){ref-type="app"}), suggesting that these biochemical tests do not correlate well with liver inflammation in our rat NASH model. Conversely, we found that measuring LDH level might be helpful, as it is significantly elevated in CAF/CAF group compared to all other groups. In addition, we found that BPF supplementation ameliorated the LDH values in the diet intervention groups ([Supplementary Materials, Figure S2C](#app1-nutrients-10-01604){ref-type="app"}).

Finally, we addressed if inflammatory parameters could be improved by SC diet and BPF supplementation. RT-qPCR analysis indicated that, although the CAF/SC diet did not affect gene expression levels of pro-inflammatory cytokines 1β, *Il-6* and *Tnfa* ([Figure 8](#nutrients-10-01604-f008){ref-type="fig"}A,C,D), BPF treatment resulted in a significant reduction in the mRNA levels of *Il-6* ([Figure 8](#nutrients-10-01604-f008){ref-type="fig"}A).

Furthermore, the mRNA levels of anti-inflammatory cytokines *Il-10* were significantly elevated in rats fed with the CAF/SC compared with those fed with the CAF/CAF diet and BPF supplementation caused a further increase of mRNA levels of *Il-10* ([Figure 8](#nutrients-10-01604-f008){ref-type="fig"}B) suggesting that BPF supplementation exerts anti-inflammatory effects on steatohepatitis.

4. Discussion {#sec4-nutrients-10-01604}
=============

Our previous work showed that the supplementation of hypercaloric diet with an extract of natural *Citrus* polyphenols from bergamot (BPF) prevents NAFLD through the stimulation of autophagy in the liver \[[@B12-nutrients-10-01604]\], which was further confirmed by in vitro studies \[[@B19-nutrients-10-01604],[@B20-nutrients-10-01604]\]. The main aim of the present study was to examine the effect of BPF supplementation to normocaloric diet on CAF diet-induced advanced NAFLD in therapeutic regime. Most of the studies on animal models of NAFLD or NASH, including our previous work, address the preventive effect of a treatment \[[@B43-nutrients-10-01604],[@B44-nutrients-10-01604],[@B45-nutrients-10-01604],[@B46-nutrients-10-01604],[@B47-nutrients-10-01604]\]. Conversely, in this paper, we used a therapeutic approach which is more appropriate for translational interpretation of the results, since it has been designed as a typical clinical study on sick patients, in which a dietary intervention is associated or not with a pharmacological or nutraceutical treatment \[[@B4-nutrients-10-01604],[@B5-nutrients-10-01604],[@B15-nutrients-10-01604]\].

As expected, 10-week SC diet intervention phase caused weight loss (\~15%) associated with a dramatic decrease of total liver lipid content (\~70%) and ORO staining (\~85%). Furthermore, we observed a powerful effect of SC diet on total liver lipid content, number and size of LDs. Indeed, in our model, abundant and large LDs accumulated in the cytoplasm of hepatocytes of rats fed with CAF diet, occupying an area about 10-fold greater than that in SC-fed group. Upon administration of normocaloric SC diet, the LDs total area as well as LDs total number were significantly reduced ([Figure 5](#nutrients-10-01604-f005){ref-type="fig"}A--C). Importantly, the concomitant administration of BPF during the intervention phase significantly restrained liver fat content and number and size of LDs with respect to SC group.

In line with this observation, BPF had important effects on blood TGL, leading to a significant reduction of TGL compared to CAF/SC group, after only four weeks of BPF supplementation to SC diet. On the other hand, BPF effects on blood glucose were modest with respect to CAF/SC group even after 10 weeks, although they could likely become statistically significant, if the tested groups were bigger.

Similarly, BPF did not affect body weight, but we cannot exclude a weak effect demonstrable by increasing the number of tested rats. Human NAFLD is very sensitive to the diet and an intensive lifestyle intervention focused on diet with a goal of 7--10% weight reduction leads to significant improvement in liver histology in patients with NASH \[[@B33-nutrients-10-01604],[@B48-nutrients-10-01604]\]. Weight loss improves steatosis, reduces hepatic inflammation and hepatocellular injury, including fibrosis, suggesting that body weight and liver fat accumulation are strictly correlated \[[@B1-nutrients-10-01604]\]. However, our data indicate that liver and body fat might be regulated by distinct mechanisms. It seems that liver fat accumulation is sensitive to pleiotropic effects of flavonoids, while body fat is less affected. Our observations are in line with a recent study, that shows a potent effect of Polyphenol-Rich Rutgers Scarlet Lettuce extract on NAFLD induced with high-fat diet and treated with low-fat diet and no effect on body weight \[[@B49-nutrients-10-01604]\]. In humans, isocaloric diet modifications also improve NAFLD, but has little effect on body weight \[[@B14-nutrients-10-01604]\]. In contrast, most of the studies in the literature performed using different polyphenol-rich extracts as a preventive measure in animal models of NAFLD, show concomitant reduction of body weight gain and liver lipid content \[[@B43-nutrients-10-01604],[@B47-nutrients-10-01604],[@B50-nutrients-10-01604],[@B51-nutrients-10-01604],[@B52-nutrients-10-01604]\]. This difference arises probably from the fact that other nutraceutical approaches are less liver-specific compared to BPF and they are assayed in NAFLD prevention studies.

Our data regarding leptin modulation support this hypothesis. In fact, BPF improved insulin sensitivity compared to SC diet treatment alone, but had no additional effect on leptin levels ([Figure 7](#nutrients-10-01604-f007){ref-type="fig"}A,C). CAF rats as well as being obese showed higher plasma levels of insulin and leptin. Leptin is an adipokine that is primarily secreted from adipose tissue and has a critical role in the regulation of body weight and fat mass. Circulating leptin is strongly associated with both subcutaneous and visceral fat, and different studies demonstrate that obesity might induce a state of leptin resistance, when, despite high plasma levels of leptin, the biological activity of this hormone is very low. Several studies indicate that leptin expression is stimulated by insulin \[[@B53-nutrients-10-01604],[@B54-nutrients-10-01604]\], whereas other studies suggest that high leptin concentrations may contribute to IR \[[@B2-nutrients-10-01604],[@B55-nutrients-10-01604]\]. Importantly, we found that, although BPF supplementation improved insulin resistance determining a significant decrease in insulin levels and HOMA-IR index, it had no significant effects on body fat and leptin levels. These results suggest a specific action of BPF on liver fat accumulation and glucose metabolism rather than on body weight loss.

The most important finding of this paper is that BPF shows a significant anti-inflammatory effect on NASH livers, with respect to 10-week SC diet treatment, suggesting that SC diet alone has limited effects on inflammation at this timepoint, while BPF supplementation accelerates recovery during the intervention phase. CAF-treated livers were characterized by the presence of ballooning hepatocytes and increased numbers of Kupffer cells and some lobular inflammatory loci. This correlated with increased expression of all pro-inflammatory cytokines in CAF livers, with respect to SC livers, that could be detected already after 15 weeks of CAF-induction phase. In particular, we observed strongly increased levels of *Tnfα* and *Il6* mRNAs and moderately increased *Il1b* gene expression ([Figure 2](#nutrients-10-01604-f002){ref-type="fig"}C), which are the main pro-inflammatory cytokines typically elevated in NASH. This was associated with a moderate increase of anti-inflammatory *Il10* mRNA, likely as a compensatory mechanism. Interestingly, 10-week SC diet intervention did not lead to significant changes in pro-inflammatory cytokine gene expression in CAF/SC livers ([Figure 8](#nutrients-10-01604-f008){ref-type="fig"}), even though we found much less steatosis and improved NAS with respect to CAF/CAF livers. This may be related to still ongoing remodeling and recovery process in CAF/SC livers at this time point. However, low gene expression levels as well as an intrinsic expression variability of cytokines in liver samples, makes it difficult to detect subtle changes. This might be true for *Tnfa* and *Il6*, but not for *Il1b*, which has relatively high hepatic expression and we detected no significant differences between groups. However, we could show that BPF flavonoids induced suppression of pro-inflammatory *Il6* and potently boosted the gene expression of anti-inflammatory *Il10*, which was moderately up-regulated also in CAF/SC livers ([Figure 8](#nutrients-10-01604-f008){ref-type="fig"}). In addition, we did not observe detectable changes in other cytokines in CAF/SC+BPF livers with respect to CAF/CAF and CAF/SC livers. This suggests that, during diet-induced recovery from NASH, some inflammatory features persist, while BPF reduces inflammation by acting on *Il6* and *Il10*. In fact, we found increased numbers of immune effector cells, mainly Kupffer and some lymphocytes, infiltrating CAF/SC livers while much fewer immune cells in CAF/SC+BPF at week 10 of dietary intervention supplemented with bergamot polyphenols. To our knowledge, this is the first time that some persistent inflammation is described in animal models of NASH after dietary intervention, despite a prominent reduction in LDs. This may be explained by still ongoing phagocytosis of apoptotic cells and debris mediated by Kupffer cells, accompanying hepatic tissue regeneration and healing. Considering that CAF diet livers were badly compromised by 16-week CAF induction phase, it is likely that 10-week SC-intervention phase is not sufficient to obtain a full regression of NASH. We propose that this recovery process is strongly accelerated by antioxidant and anti-inflammatory supplements such as BPF.

The anti-inflammatory activity of *Citrus* flavonoids is well-documented in the scientific literature and it has been studied both for flavanone and flavone glycosides as well as for their aglycones \[[@B56-nutrients-10-01604],[@B57-nutrients-10-01604],[@B58-nutrients-10-01604]\]. This is true for naringin and hesperidin \[[@B27-nutrients-10-01604]\], which are abundant in BPF as well as for diosmetin, apigenin, and luteolin glycosides, which are less abundant components of BPF \[[@B19-nutrients-10-01604],[@B20-nutrients-10-01604]\]. The anti-inflammatory properties of neoeriocitrin, the most abundant flavanone-7-O-neohesperidoside in bergamot fruits and BPF, have not been formally demonstrated, because it has been poorly investigated being a rare flavonoid in other *Citrus* plants \[[@B18-nutrients-10-01604],[@B28-nutrients-10-01604],[@B30-nutrients-10-01604]\]. However, it been shown that its aglycone, eriodictyol, restrained the elevation of plasma IL-6 and C-reactive protein (hs-CRP) in mice fed high fat diet, suggesting that other eriodictyol glycosides, such as neoeriocitrin, are also active \[[@B59-nutrients-10-01604]\]. In fact, glycosides undergo deglycosylation by gut bacteria and usually are adsorbed by enterocytes as aglycones or their metabolites \[[@B18-nutrients-10-01604],[@B27-nutrients-10-01604],[@B60-nutrients-10-01604]\], therefore the in vivo studies on flavonoid aglycones and glycosides should generally yield overlapping results. In fact, the intestinal absorption of naringenin glycosides is comparable to the aglycone \[[@B60-nutrients-10-01604]\]. However, their bioavailability depends on the mode of administration and it is much higher, over 30% for naringenin-O-glucoside, if it is given to rats as a food supplement \[[@B60-nutrients-10-01604]\], as in our study. Considering high amount and relatively good bioavailability of naringenin, hesperetin and eriodictyol glycosides \[[@B61-nutrients-10-01604]\], it is likely that the main BPF flavanones are responsible for majority of immunomodulatory activity present in BPF. Future comparative studies addressing the anti-inflammatory efficacy of individual bergamot flavonoids should answer this question. Nevertheless, by analogy to the study on proautophagic activity of *Citrus* flavonoids \[[@B19-nutrients-10-01604],[@B20-nutrients-10-01604]\], we expect that the combinatorial effect of the BPF phytocomplex may be quite different and likely superior to the effects of individual polyphenols.

The second goal of our study was to characterize rat livers after longer NAFLD/NASH induction with CAF diet. In our hands, Wistar rats feeding with CAF diet for 26 weeks induced, beside inflammation, different other NASH features, such as ballooning and portal fibrosis, documented here by SI staining of liver sections ([Figure S3](#app1-nutrients-10-01604){ref-type="app"}). This approach can be successfully used to visualize areas of liver fibrosis \[[@B62-nutrients-10-01604],[@B63-nutrients-10-01604]\], as it detects collagen III and B fibers, which are highly increased in liver fibrotic tissue \[[@B36-nutrients-10-01604]\]. Thus, our data suggest that CAF diet is fibrogenic, even in Wistar rats, typically resistant to fibrosis in response to high-fat diet \[[@B64-nutrients-10-01604]\]. The presence or absence of fibrosis in response to CAF diet likely depends on the animal strain. In fact, CAF diet induced portal fibrosis in livers and severe fibrotic changes in heart and kidneys of BALB/c mice treated for 15 weeks \[[@B65-nutrients-10-01604]\], while fibrosis can be easily induced in certain mouse and rat strains even if the animals are treated with less effective high-fat diet \[[@B37-nutrients-10-01604]\]. To our knowledge, this the first report documenting the presence of liver fibrosis in CAF-diet treated rats.

5. Conclusions {#sec5-nutrients-10-01604}
==============

For a long time, NAFLD has been underestimated as a condition of poor clinical relevance. However, the rising incidence of NASH in the Western world, also among children, suggests an urgent need to develop strategies of effective pharmacological or nutraceutical treatment.

In light of the promising evidence presented in this paper, the supplementation of BPF to normocaloric diet may represent a useful anti-inflammatory approach to accelerate patients recovery from advanced NAFLD/NASH.
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The following are available online at <http://www.mdpi.com/2072-6643/10/11/1604/s1>, Figure S1: Toluidine-blue staining of representative liver sections from 3 different treatment groups: CAF/CAF (16 + 10 weeks), CAF/SC, and CAF/SC+BPF, Figure S2: Evaluation of serum biochemical parameters of liver injury, Figure S3: Histological analysis of liver fibrosis in Wistar rats exposed to CAF diet for 26 weeks (CAF/CAF) or exposed to CAF diet for 16 weeks and then to SC or SC+BPF diet for 10 weeks, Table S1: List of the food items used to assemble *Cafeteria* (CAF) diet and related nutritional values.
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![The experimental design and timeline of the study presented in this work: NAFLD/NASH induction phase for 16 weeks plus the intervention phase for 10 weeks. Black lines and boxes indicate the time of sample collection.](nutrients-10-01604-g001){#nutrients-10-01604-f001}

![Starting conditions after the induction phase (16 weeks of CAF diet). (**A**) Distribution of body weight in rats fed with CAF diet (n = 21) or control SC diet (n = 5) after NAFLD induction phase (16 weeks). \#\# Statistically significant difference at *p* ˂ 0.003 when compared to SC control group. (**B**) Body weight changes over the entire period of the study. Data are represented as means ± SD (n = 7), \* *p* \< 0.05 indicates significant differences between CAF/CAF and CAF/SC groups. (**C**) Significant upregulation of the gene expression of inflammatory cytokines in rat livers at week 15 of CAF diet, before the intervention phase with SC diet. The graph shows the results of cytokine-related mRNA expression profiling performed on 96-well RT^2^ PCR array plates in three pooled RNA liver samples from three rats. The fold change of relative mRNA levels in CAF livers compared SC and normalized to five HK genes, is presented. Each dot shows the fold change value from one RT^2^ array plate (three CAF livers vs. SC livers), and the line shows the mean of presented data. Statistical significance at *p* ≤ 0.02 (\#), when compared with control SC livers is reported according to GeneGlobe software (Qiagen), which calculates the *p* values based on a Student's *t*-test of the replicate 2^-ΔΔCT^ values for each gene in the control and treatment groups.](nutrients-10-01604-g002){#nutrients-10-01604-f002}

![Supplementation of SC diet with BPF causes a reduction of blood TGL, but BPF effects on blood glucose and body weight loss are not significant. Serum TGL (**A**,**B**) and glucose (**D**) were measured after 4--5 h fasting in CAF rats treated for 4 or 10 weeks with SC diet ± BPF. \#, \#\#\#, statistically significant difference vs. CAF/CAF group at *p* ≤ 0.05 and *p* ≤ 0.006, respectively. \*, CAF/SC vs. CAF/SC+BPF at *p* ≤ 0.5. (**C**) Distribution of final body weight after 10 weeks of the intervention phase. \#\#, \#\#\#, statistically significant difference vs. CAF/CAF at *p* ≤ 0.02 and 0.002, respectively.](nutrients-10-01604-g003){#nutrients-10-01604-f003}

![Strong LDs reduction in CAF/CAF livers after 10 weeks of treatment with standard chow (CAF/SC) diet or SC diet supplemented with BPF (CAF/SC+BPF). ORO and Hematoxylin (ORO&H) staining of representative liver sections from four treatment groups: SC/SC (26 weeks) (**A**,**E**,**I**); CAF/CAF (16 + 10 weeks) (**B**,**F**,**L**); CAF/SC (**C**,**G**,**M**); and CAF/SC+BPF diet (**D**,**H**,**N**). ORO&H staining allows visualization of unsaturated fatty acids and neutral fats (red, ORO) and nuclei (blue stained). Scale bars are as follows: (A--D) 200 μm ; (E--H) 40 μm; and (I--N) 20 μm. Boxes indicate magnified regions. 10×, 40× and 100× indicate objective magnifications.](nutrients-10-01604-g004){#nutrients-10-01604-f004}

![BPF supplementation to SC diet causes stronger reduction of total liver lipid content, size and numbers of LDs compared to SC diet alone for 10 weeks. (**A**) Total lipids were extracted from 400 mg of liver tissue by Folch method and gravimetrically determined. (**B**) Quantification of the total area occupied by LDs in ORO-stained sections revealed a significant increase in CAF/CAF vs. other groups (\# *p* ≤ 0.02), while BPF reduced the extent of intrahepatic fat accumulation, when compared to normocaloric diet (\* *p* ≤ 0.02 vs. CAF/SC). Each bar represents the median of four animals ± SD. (**C**) Binary transformation of ORO staining using ImageJ. 100x, objective magnification; scale bar = 20 μm.](nutrients-10-01604-g005){#nutrients-10-01604-f005}

![Histological evaluation of NASH. (**A**) Toluidine-blue staining of representative liver sections from three different treatment groups CAF/CAF (16 + 10 weeks), CAF/SC, and CAF/SC+BPF diet. Scale bar 50 μm. (**B**) Quantification of NAFLD Activity Score (NAS) parameters such as steatosis, ballooning and inflammation. Data are represented as means ± SD (n = 15 (five animals and three independent sections for each animal)). \* *p* ≤ 0.01 denotes differences statistically significant CAF/SC vs. CAF/SC+BPF; \#\#\# *p* ≤ 0.0007 CAF/CAF vs. SC/SC, CAF/SC, CAF/SC+BPF; § *p* ≤ 0.01 SC/SC vs. CAF/SC+BPF; §§§ *p* ≤ 0.01 SC/SC vs. CAF/SC. For statistical analysis, Kruskal-Wallis test was performed.](nutrients-10-01604-g006){#nutrients-10-01604-f006}

![Fasting plasma levels of insulin and leptin and insulin resistance after treatment with SC diet ± BPF for 10 weeks. (**A**) Insulin; and (**C**) leptin were assessed by ELISA in blood samples collected at the end of treatments after 4--5 h fasting. Insulin and leptin levels are elevated in CAF-fed rats when compared to SC/SC ((\#\#\# *p* ≤ 0.008 and \# *p* ≤ 0.02, insulin and leptin, respectively, CAF/CAF vs. SC/SC). (**B**) Insulin sensitivity was measured by HOMA-IR index (\*\* *p* ≤ 0.01 CAF/SC+BPF vs. CAF/SC). (**A**--**C**) Each horizontal line and vertical bar represent the median ± SD, respectively, of n = 4--5 rats.](nutrients-10-01604-g007){#nutrients-10-01604-f007}

![Effect on pro-inflammatory cytokines and anti-inflammatory *Il-10* upon BPF supplementation to CAF/SC diet in rat livers after the intervention phase (10 weeks). RT-qPCR analysis of mRNA levels of inflammatory cytokines *Il1b*, *Il6*, and *Tnfa* and anti-inflammatory cytokine *Il10*. The graphs show relative gene expression versus HK gene *Hrpt.* Each dot represents the average relative expression for one rat analyzed at least in triplicate by standard methods, and lines are the mean values of presented dots. Statistical analysis was performed by unpaired, two-tailed *t* test. \*, \#, Statistically significant difference at *p* \< 0.05 when compared with CAF/CAF rats or when compared with CAF/SC rats, respectively. \*\*, Statistically significant difference as above at *p* \< 0.01.](nutrients-10-01604-g008){#nutrients-10-01604-f008}
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###### 

The primers sequences used in RT-qPCR.

  ------------------------------------------------
  Gene                Sequences (5′-3′)
  -------- ---------- ----------------------------
  *Il1b*   Forward\   CACCTCTCAAGCAGAGCACAG\
           Reverse    GGGTTCCATGGTGAAGTCAAC

  *Il6*    Forward\   TCCTACCCCAACTTCCAATGCTC\
           Reverse    TTGGATGGTCTTGGTCCTTAGCC

  *Il10*   Forward\   GTTGCCAAGCCTTGTCAGAAA\
           Reverse    TTTCTGGGCCATGGTTCTCT

  *Tnfa*   Forward\   AAATGGGCTCCCTCTCATCAGTTC\
           Reverse    TCTGCTTGGTGGTTTGCTACGAC

  *Hrpt*   Forward\   CTCATGGACTGATTATGGACAGGAC\
           Reverse    GCAGGTCAGCAAAGAACTTATAGCC
  ------------------------------------------------

[^1]: Both authors contributed equally to this work.
